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R E G E N E R A T I O N OF P O W E R W I T H S I N G L E - P H A S E 
E L E C T R I C R A I L W A Y M O T O R S . 

BY W I L L I A M COOPER 

The conditions necessary in order that an electric moto r m a y 
operate successfully in regenerating or restoring power to the 
supply circuit are: 

1. The counter pressure generated b y the mo to r must 
be greater than the impressed pressure of the supply circuit. 

2. The value of this excess counter pressure must be 
under control and maintained in suitable relation to the im
pressed pressure. 

3. There must be at the time other power-consuming 
devices connected to the supply circuit. 

There is no difficulty in producing the first condi t ion; the 
second is the one that is difficult to fulfil. There are t w o methods 
of regulating the counter t o the impressed pressure; one is t o 
increase the counter pressure and the other to reduce the im
pressed. The third condit ion, except in isolated cases, 
will be taken care of b y the operating load. 

Practically all variable-speed railway motors are of the so-
called series type , and as this type of mo to r is the on ly 
one having the proper characteristics for general railway 
work it alone will be considered. The operation of a series 
dynamo electric machine as a series generator on a constant-
potential circuit is a problem which many have grappled 
with, but none has solved. The machine must be given a 
shunt characteristic of a greater or less degree in order t o 
make such operation possible. A machine having the shunt 
characteristic predominant is unfit for use as a railway moto r , 
and as this characteristic must be predominant t o operate 
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successfully as a generator it is at once evident that the motor 
must be changed in some manner before it can be used as a gen
erator. But this is not the only condit ion which the motor must 
fulfil in order to operate successfully as a generator in restoring 
power to the supply circuit; the motor must operate satisfactor
ily while the armature current is varied through a wide range 
with a constant field. This is evident from a very casual o b 
servation of the conditions. 

Assume that the car or locomot ive being driven b y the motor 
under consideration has attained a balanced or free running 
speed under the conditions. The motor is then developing only 
sufficient torque to overcome the train resistances. The motor , 
being a series machine, has the same current in the field and 
armature. Under these conditions a very slight increase in the 
field current would increase the counter electromotive force of 
the armature to a value greater than the impressed electro
mot ive force of the supply circuit. 

N o w assume an ordinary series motor in which the armature 
current cannot be increased materially above the corresponding 
field strength without disturbing the commutat ing condi t ions; 
it follows that the motor acting as a generator can only give a 
retarding force approximately equal to the train resistances. 
This added to the train resistance would give a total retardation 
so small that it could not be called a braking effect. F rom this 
it is obvious that the armature current must exceed the field 
current at times in order to produce a retarding effect which can 
be utilized in bringing the train to rest, or in holding the train on 
a grade. This, then, is another condit ion which the ordinary 
series railway moto r does not readily fulfil. 

From the foregoing it would seem that a moto r to operate suc
cessfully as a regenerator of power must have the following 
characteristics: 

1. It must be capable of operating through a wide range of 
variation between field and armature current, and 

2. It must be provided with some means of producing a shunt 
characteristic. 

The first characteristic exists to the fullest extent in a moto r 
having some means of compensating for armature reaction, as 
well „as a means of maintaining a constant commutat ing condi
t ion. This characteristic also exists to a limited extent in a 
moto r having either one of these functions. 
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The second characteristic is not so easily provided. In the 
direct-current motor it can be obtained b y providing the motor 
with both a shunt and series winding, either of which has suffi
cient capacity to operate the machine either as a shunt-wound 
generator or as a series motor . 

Another method of furnishing the shunt characteristic is to 
provide a means of separately exciting the motor field in
dependent of the line or motor voltage. There are several ways 
of doing this. In the case of four-motor equipments, one 
method is to use one motor as a generator to excite the other 
three motors which will operate as generators, being connected 
to the supply circuit. 

Storage-batteries may also be used to excite the fields, but this 
arrangement has its disadvantages in being complicated. 

The great difficulty encountered in operating direct-current 
motors as regenerators of power is that the impressed pressure 
is a constant, and the means at hand for meeting it are very 
limited. As the ordinary series motor will not permit of any 
very great variation of armature current with a constant field, 
and as only a very limited number of combinations of the motors 
is possible, the range through which an equipment can be oper
ated regeneratively is, under the most favorable conditions, 
very limited. 

In the single-phase, alternating-current motor of the series 
type these necessary characteristics are inherent. Wi thou t 
entering into a description of this motor , the design of which is 
well known, it is sufficient to say that the machine is pro v ideo 
with a compensating winding to neutralize the armature 
reaction, and also has preventive leads between commuta tor 
and armature windings which assist in* commutat ion. This, 
construction yields the first characteristic; the second is easily 
obtained in connection with the transformer used in the voltage 
control of the motor . 

The method of producing this result is to use one of the motors 
of the equipment as an exciter for the others. B y providing the 
transformer with suitable voltage taps, the value of the field 
current of the exciter may be varied through a wide range, as 
well as the generated voltage of the restored power. In this 
respect the conditions are very much more favorable than in 
the case of the direct-current motor , in which the only variations 
that can possibly be made are in the series-parallel combinations 
of the motors that are being used as generators. 
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The exact arrangement of the motors and their connections are 
shown diagrammatically in Fig. 1. 

Assume the car or locomot ive upon which the motors are 
mounted to be in mot ion, the armatures turning at a correspond
ing speed. If the field of the first machine be connected to the 
transformer, an alternating electromotive force will be generated 
b y its armature, the value of which will be directly proportional 
to the speed. If the field of the other motor be connected to the 
exciter armature, an alternating current will pass through it, 
and the second armature will in turn generate an alternating 
electromotive force the value of which varies about as the square 
of the speed—the excitation of the first machine remaining 
constant. 

The electromotive force generated b y the second armature will 
bear a very close phase-relation with the electromotive force 

of the transformer, for the reason that the current in the field 
circuit connected to the transformer lags approximately 90°, 
as does the current in the field-circuit of the second machine. 
This combinat ion throws the generated electromotive force of 
the second machine approximately 180° back of the transformer 
electromotive force, or, b y reversing the connections, in the same 
phase-relation. 

The phase-relation between the generated and transformer 
voltages is shown in Fig. 2 . 

This record shows that the two electromotive forces are in 
exact ly opposite phase. Under these conditions the current 
flowing after the circuit is closed with the connect ions re
versed, will be displaced from the electromotive force, due to 
the impedance of the armature circuit. Fig. 3 shows this 
displacement when the armature is carrying about 1 0 0 % cur
rent overload. 

FIG. 1 
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This is at a power-factor of 8 0 % . The power-factor varies 
between this and 1 0 0 % as the load decreases to zero. The 
obvious method to improve the power-factor is to shift the 
phase-relation of the generated to the line electromotive force. 
The result of this is shown in Figs. 4, 5, and 6. 

Fig. 4 shows approximately the relation of the generated to 
the transformer electromotive force as it would be on open 
circuit, as the current in this case is small. 

From these records it is evident that there is no difficulty in 
restoring power with a single-phase, commutator- type motor at 
practically 100% power-factor, the machine operating as a 
non-synchronous, alternating-current generator. 

FIG. 2—Oscillogram of generated and transformer electromotive forces. 
The generated electromotive force is the curve with the irregular top 

This condition being established, the next step is to see how it 
applies t o actual operating conditions. F rom the foregoing it 
is evident that one of the motors of the equipment must be set 
aside for use as an exciter for the others, or a separate motor-
generator set must be provided. If a separate source of excita
tion is provided, all the motors can be used to tfre fullest extent 
for regeneration of power, in which case the total capaci ty for 
regeneration will be increased over the capaci ty of the ma
chines as motors b y the increase in the power-factor. If the 
regenerative function is to be used for braking in making fre
quent stops, it might be desirable to supply the separate excita-
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t ion; but if it is to be used in holding the train on grades it is 
unnecessary, as the remaining motors, if the equipment consists 
of three or more motors, will have ample capaci ty to do the work. 

Assume a 2 % grade of considerable length. The motors , 
all working, have sufficient capaci ty to haul the train up the 
grade. Assume the equipment to consist of four motors . 
Assume train resistances at six pounds per ton. The total 
tractive effort will then be 46 pounds per ton in ascending. 

T o hold the train at the same speed in descending, a retarding 
force of 34 pounds per ton must be supplied. The retarding 

F I G . 3—Oscillogram of current and electromotive force of generator. 
The lower curve fs the current! Power-factor 8 0 % lagging current 

force necessary is then approximately 7 5 % of the force necessary 
to haul the train up the grade. It is evident from this that 
three of the four motors have ample capaci ty to exert the 
necessary retarding force, even if the power-factor of the ma
chines as generators is no better than when they are operating 
as motors . It has been shown that the power-factor when operat
ing as generators can be made better than when operating as 
motors ; therefore, there is a surplus of capaci ty in four-motor 
equipment, and in three-motor equipment about an equal 
capacity. 

The characteristics and capacity of the machines being 
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FIG. 4-0scillogram of current and electrom ot ive force under light 10:>d.
The lower curve is the curren t . Power-factor 98 % leading current.

FIG. I)- Oscillogra m of curre nt and elect rom otive force under normal
load . Conditions same as Fig . 4 The lower cur ve is the current .

Power-fa ctor 99 .5% lagging current
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correct for the work, it only remains to provide suitable means 
for manipulating the circuits to adapt the apparatus to the con
ditions. This is accomplished by providing switching apparatus 
to connect the motors in the proper relation and for furnishing 
and controlling the field current of the machine used as an exciter. 

Fig. 7 shows diagrammatically the main circuits and con
nections for a four-motor equipment. F rom this it is evident 
that the switches used must have a current capaci ty the same as 
the motors, for there are four in parallel on the transformer and 
the switches used for reversing carry the current for one motor 

FIG. 6—Oscillogram of current and electromotive force under 100% 
overload. Conditions same as Figs.. 4 and 5 .Power-factor 

97% lagging current. The current is the upper curve. 

only. A c shown, 36 switches are required for the entire control of 
the motor equipment. 

Fig. 8 shows diagrammatically the same motor, equipment 
arranged for regeneration in addition to the regular motor con
trol. As shown, 54 switches are required of the motor-current 
capacity, and 16 of one fourth that capacity. Of the added 
switches of the motor-current capacity, 10 have been added to 
the transformer to enable slow speeds on regeneration to be o b 
tained, and 8 are required to change the combinations of the 
motors . Besides the added switches, three small preventive coils 
and a few additional transformer taps are required. From this 
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it is seen that the amount of additional apparatus required is 
insignificant compared with the result accomplished. 

The curves shown in Fig. 9 give the relative tractive and re-

F I G . 7 

tarding effort, both continuous and maximum, of a four-motor 
equipment. 

As shown b y the curves in Fig. 9 the three motors of a four-
motor equipment acting as generators restoring energy to the 
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line will let a train down a 2 % grade at any speed from 9 miles 
per hr. to 30 miles per hr., that the motors have capaci ty to haul 
up the same grade at any speed up to 18.5 miles per hr. This is 
for continuous duty. A t max imum duty for short periods the 

•'ifr ^ 

FIG. 8 

capaci ty is increased about 6 0 % . Between 9 miles per hr. and 
30 miles per hr. there are 40 operating speeds, the gradations 
from one to the other being such that at no time will there be 
any variation exceeding 1 0 % in torque. This necessitates, of 
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course, a rather large number of switches being used, but it seems 
to be a very desirable condition to fulfil in heavy freight traffic. 

Efficiency of this system of regeneration. The efficiency of 
the system when the motors are operating as generators and 
restoring energy to the supply circuit is about the same as the 
efficiency when operating as motors , there being perhaps a slight 
advantage in the case of the generator, due to the improved 
power-factor conditions. This, of course, assumes about the 
same load conditions on the machines in either case. However , 
the actual saving in power-house output can never be a very 
large percentage. If the entire road consisted of 2 % grades and 
there were no switching to be done, the saving in power con
sumption might be as high as 5 0 % ; under ordinary condi-
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tions it could not be made to exceed one half of this, while under 
unfavorable conditions or with a level track and long runs, 
using the regenerative function only for braking, the saving 
could not be more than a few per cent. 

The value of this system of regeneration is not to be found 
so much in the saving of power as in the saving in wear and tear 
and the ability to operate over a wide range of speed, as well as 
the comparative safety of operation. In the case of running 
heavy trains down long grades, the braking apparatus of all cars 
in the train can be held in reserve, it being necessary to use 
it only in emergency or in making the final stop. Under these 
conditions the number o f ' acc iden ts due to the failure of the 
brakes would be very much reduced. 
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This is the only system of regeneration yet developed which 
can be operated at max imum efficiency over a wide range of 
speed. In the case illustrated, forty speeds between 9 miles 
per hr. and 30 miles per hr. are obtained. This number can be 
increased if desired simply b y the addition of a few switches. 

The three-phase system is the only other one in which the 
regenerative function has been developed to any extent, but at 
most there are only a few widely separated speeds at which it can 
be operated efficiently. Generally there is but one. 

A system of electric traction in which the trains must go up
grade and down-grade at one fixed speed in order to operate 
efficiently is certainly at a disadvantage when compared with 
one in which the trains can be operated at any speed below a 
certain max imum speed up-grade and at any speed within safe 
limits down-grade, at all times, whether taking energy from the 
line or restoring it to the line, the apparatus operating with 
max imum efficiency. 

It will be noted that in this system the impressed voltage is 
changed to adapt it to the generated voltage, while in the direct-
current or the three-phase system there is but one impressed 
voltage available. 

This wide range of working voltage, with the ability to 
vary the armature current with respect to the field through a 
wide range, gives to the single-phase series motor the extreme 
flexibility as a regenerator of power that it has as a motor . 

One other point that is wor thy of note in connection with the 
operation of this system is the absolute safety and stability of 
the combinat ion. While the machines being operated as 
generators are normally series machines, it will be noted that no 
one of the armatures is connected in series with its own field, 
and under no condition can there be any surging or building up 
of load. In case of momentary interruption of the supply 
circuit, the circuit again being restored the system will again 
operate exact ly as before the interruption, there being no surging 
or violent action of the machines. 

The system of regenerating power here described has been 
used in testing locomotives to give a dead-load condit ion under 
a wide range of speed. 

Numerous stand-tests have also been made, so that the 
operation of the motors under the conditions is well established 
and there is no doubt about the scheme doing all that is claimed 
for it. 


